Patients with schizophrenia show specific abnormalities in visual perception, and patients with bipolar disorder may have related perceptual deficits. During tasks that highlight perceptual dysfunction, patients with schizophrenia show abnormal activity in visual brain areas, including the lateral occipital complex (LOC) and early retinotopic cortex. It is unclear whether the anatomical structure of those visual areas is atypical in schizophrenia and bipolar disorder. In members of those two patient groups and healthy controls, we localized LOC and early retinotopic cortex individually for each participant using functional magnetic resonance imaging (MRI), then measured the thickness of those regions of interest using structural MRI scans. In both regions, patients with schizophrenia had the thinnest cortex, controls had the thickest cortex, and bipolar patients had intermediate cortical thickness. A control region, motor cortex, did not show this pattern of group differences. The thickness of each visual region of interest was significantly correlated with performance on a visual object masking task, but only in schizophrenia patients. These findings suggest an anatomical substrate for visual processing abnormalities that have been found with both neural and behavioral measures in schizophrenia and other severe mental illnesses.
Introduction
Specific abnormalities in visual perception have been well characterized in schizophrenia (Butler et al. 2008; Green, Butler, et al. 2009; Javitt 2009; Green et al. 2012; Javitt and Freedman 2015) . Emerging evidence suggests that similar types of perceptual dysfunction might exist in other mental illnesses that share genetic risk factors and clinical characteristics with schizophrenia, such as bipolar disorder (Chen et al. 2005; Chkonia et al. 2012; Jahshan et al. 2014 ). Yet the neural bases of perceptual dysfunction in major mental illnesses such as schizophrenia remain poorly understood.
The human visual system comprises an interlinked hierarchy of discrete visual areas with distinct functional specializations (Felleman and Van Essen 1991) . Studies using functional magnetic resonance imaging (fMRI) have linked some specific visual processing deficits in schizophrenia patients to abnormal activity in particular visual areas. One area that has been directly linked to visual dysfunction in schizophrenia is the lateral occipital complex (LOC), a mid-level visual processing area in the lateral occipital lobe that is preferentially responsive to images of objects (Malach et al. 1995) . In schizophrenia patients, abnormal LOC activity has been associated with specific abnormalities in visual masking and contour integration tasks (Green, Lee, et al. 2009; Green et al. 2011; Harvey et al. 2011; Silverstein et al. 2015) .
There is also growing evidence that early visual areas (e.g., early retinotopic visual cortex, including V1, V2, V3, and other low-level visual areas) might also function abnormally in schizophrenia and bipolar disorder (Butler et al. 2001 (Butler et al. , 2005 Javitt 2009 ; Kantrowitz et al. 2009; Javitt and Freedman 2015) . One focus of considerable recent research has been on impaired surround suppression and related phenomena, which are thought to depend upon lateral interconnections in early visual cortex, in schizophrenia, and bipolar disorder (e.g., Must et al. 2004; Dakin et al. 2005; Yoon et al. 2009 Yoon et al. , 2010 Yang et al. 2012a Yang et al. , 2012b Schallmo et al. 2013 Schallmo et al. , 2015 .
The reasons why LOC and early retinotopic cortex might function abnormally in schizophrenia remain unclear. One possibility that has not been systematically investigated is that patient populations could have specific abnormalities in the neural architecture of those areas. Structural MRI provides a way to assess such potential structural abnormalities noninvasively in vivo. In particular, modern analytical techniques allow the thickness of cortex to be measured with submillimeter resolution in individual participants from standard structural scans (Fischl and Dale 2000; Dickerson et al. 2008) .
Numerous studies have examined cortical thickness throughout the entire brain between samples of schizophrenia patients and healthy controls (Kuperberg et al. 2003; Narr et al. 2005; Schultz et al. 2010; Sprooten et al. 2013) , bipolar patients and controls (Lyoo et al. 2006) , or members of both psychiatric groups versus controls (Rimol et al. 2010 (Rimol et al. , 2012 Pol et al. 2012; Janssen et al. 2014; Padmanabhan et al. 2014 ). Many such studies have noted group thickness differences in frontal and temporal areas of the brain, with patients showing thinner cortex in those areas than controls. However, group differences in thickness are not commonly reported in the occipital lobe, although they have been noted in some cases (e.g., Sprooten et al. 2013) .
The approach used in previous studies is poorly suited to identifying cortical thickness differences in specific functional areas. LOC and other visual areas can only be reliably identified using functional localizers, because they vary in size and anatomical position across individuals, even in healthy populations (Larsson and Heeger 2006) . Therefore, traditional anatomical coregistration techniques like those used in previous cortical thickness comparisons do not allow accurate comparison of functional visual areas across individuals or groups. Thus, the apparent absence of cortical thickness abnormalities in occipital regions could reflect a true lack of group differences between these psychiatric populations and controls, or it could reflect a limitation of the methods used in previous studies.
In the present study, we use a novel approach to overcome this limitation, employing fMRI to map the location of LOC and early retinotopic visual cortex in individual participants, then comparing the cortical thickness of those areas between groups of schizophrenia patients, bipolar patients, and matched healthy controls. To our knowledge, this is the first study to use functionally defined regions of interest (ROIs) to investigate cortical thickness in these psychiatric populations, although this approach has been used successfully in healthy populations (Frank et al. 2016) . In an exploratory analysis, we also investigated possible correlations between cortical thickness and performance on a visual object masking task in each of the three groups.
For our primary analysis, we had separate predictions for the two visual ROIs. Based on known functional deficits in LOC in schizophrenia, we hypothesized that schizophrenia patients would have thinner cortex in LOC than controls. Because bipolar disorder is thought to share some but not all phenotypic features with schizophrenia, and because evidence for dysfunction of visual perception in bipolar disorder is equivocal, we hypothesized that the cortical thickness of LOC would be intermediate in bipolar patients, compared with the other two groups. By contrast, given the lack of strong neuroimaging findings directly implicating early visual processing areas as functionally abnormal in schizophrenia or bipolar disorder, we did not predict a significant difference in the thickness of early retinotopic cortex between patient group and controls.
Materials and Methods

Participants
All recruitment methods and experimental procedures were approved by the Institutional Review Boards of the VA Greater Los Angeles Healthcare System (GLA) and the University of California, Los Angeles (UCLA). All participants provided written informed consent prior to participation. The participants were part of a larger, ongoing, NIMH-sponsored study of visual processing in major mental illness.
Patients were recruited from outpatient treatment facilities in the Los Angeles area, UCLA outpatient clinics, and mental health clinics at the GLA. Healthy controls were recruited with Internet ads. Selection criteria for all subjects included: (1) age 18-65 years, (2) understood spoken English sufficiently to comprehend testing procedures, (3) no evidence of IQ <70 or developmental disability based on chart review, (4) no clinically significant neurological disease determined by medical history (e.g., epilepsy), (5) no history of serious head injury (i.e., loss of consciousness >1 h, neuropsychological sequelae, cognitive rehabilitation post-head injury), (6) no sedatives or benzodiazepines within 12 h of testing, (7) vision/corrected vision of at least 20/30, (8) no positive urine toxicology screening on day of assessment, (9) no known contraindications for MRI scanning, and (10) no history of a mood episode in the past two months. The exclusion of participants with a history of mood episode in the previous two months was done to minimize the chances that participants' scores on performance-based and self-report measures would be influenced by abnormal mood state (e.g., mania), in keeping with previous studies comparing schizophrenia and bipolar samples (Lee et al. 2013) .
Selection criteria for patient participants included: (1) a diagnosis of schizophrenia or bipolar disorder based on the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I) (First et al. 1997) , (2) no substance or alcohol dependence in the past three months; no evidence of substance or alcohol abuse in past month, and (3) clinically stable (i.e., no inpatient hospitalizations for 3 months prior to enrollment, no changes in psychoactive medication in the 4 weeks prior to enrollment). Additional selection criteria for healthy controls included: (1) no history of psychotic disorder, bipolar spectrum disorder, or other major mood disorder based on SCID-I interview (First et al. 1997) or of avoidant, paranoid, schizotypal, schizoid, or borderline personality disorders based on the Structured Clinical Interview for DSMIVAxis II Disorders (SCID-II) (First et al. 1996) , (2) no family history of a psychotic disorder or bipolar disorder in first-degree relatives, based on participant report, and (3) no history of substance or alcohol dependence or abuse in the past month.
All SCID interviewers were trained through the Treatment Unit of the Department of Veterans Affairs VISN 22 Mental Illness Research, Education, and Clinical Center (MIRECC) to a minimum k of 0.75 for key psychotic and mood items (Ventura et al. 1998) . When available, medical records and reports from treating clinicians were used to corroborate retrospective self-reported information for patient diagnoses.
The groups did not differ significantly on age, gender, handedness, or parental education, but they differed on personal education ( (Hamilton 1960; Young et al. 1978; Ventura et al. 1993) . Patient participants were on clinically determined doses of medication (Table 1) .
MRI Data Collection
All MRI data were collected at the UCLA Staglin Center for Cognitive Neuroscience on a 3 T Siemens Tim Trio scanner equipped with a 12-channel head coil (Siemens Medical Solutions, Erlangen, Germany). T1-weighted structural scans were collected using a Magnetization-Prepared Rapid Gradient Echo (MPRAGE) sequence (1.9 s TR, 3.4 ms TE, 9°flip angle, 1 mm isotropic voxels, 256 × 256 × 160 voxel field of view). Localizer scans used a standard Echo-Planar Imaging (EPI) sequence (2.5 s TR, 35 ms TE, 75°fl ip angle, 3 × 3 mm voxels with a 3.3 mm center-to-center inter-slice distance, 64 × 64 voxel field of view with 38 slices).
Participants completed two functional localizer scans (2.5 min each): a retinotopic mapping scan, and a localizer scan for LOC (Malach et al. 1995; Engel et al. 1997 ). In the retinotopic mapping scan, participants fixated on a central point, while a contrast-reversing checkerboard wedge subtending ∼20°of visual angle slowly rotated around the central point (5 cycles at 2 cycles/min; 8 Hz contrast-reversal). To ensure their eyes remained fixed on the central point, participants pressed a button when the contrast-polarity of the fixation dot inverted, which occurred periodically. In the LOC localizer task, participants saw 12.5 s blocks of objects (abstract sculptures) which alternated with 12.5 s blocks of spatially scrambled images of the objects. They were instructed to press a button every time the type of images changed between intact and scrambled. All functional localizer stimuli were presented via MR-compatible VisuaStim goggles (Resonance Technology, Inc., Los Angeles, CA, USA). Participant responses to the localizer stimuli were logged using an MR-compatible response box.
MRI Data Analysis
Overview All analyses of both structural and functional MRI data were performed in FreeSurfer 5.3.0 (Martinos Center for Biomedical Imaging, Charlestown, MA, USA). The study used an ROI-based approach to investigate cortical thickness differences in visual areas across the participant groups. Individualized functional ROIs for early retinotopic cortex and LOC were created for each participant using the localizer data. Within each of these three ROIs, the mean cortical thickness was computed by measuring the distance between the white matter/gray matter boundary and the gray matter/pia mater boundary. We compared the cortical thickness of the two functionally defined visual ROIs across groups using a 2 × 3 ANOVA with within-subjects factor "ROI" and between-subjects factor "group." Based on our findings in the planned analysis of the functionally defined visual ROIs, we added a post hoc nonvisual control ROI, primary motor cortex. Motor cortex was defined for each participant using anatomical landmarks (FreeSurfer parcellation), because the study did not include a functional localizer for motor cortex. Thickness of anatomically defined motor cortex was compared across groups with a one-way ANOVA.
Functional Analyses
The fMRI data were pre-processed using a standard pipeline ( preprocsess): each scan was motion-corrected to the first TR of the run and spatially smoothed (5 mm full-width at half-maximum). Those scans were then processed in GLM analyses constrained to the cortical surface (i.e., masking out subcortical areas) with selxavg3-sess. For the retinotopic mapping scan, the GLM was performed using a standard polar-mapping analysis that identifies voxels whose activity varies in relation to the phase of the rotating checkerboard wedge (DeYoe et al. 1996; Engel et al. 1997) . For the LOC localizer, a standard block-design GLM analysis was performed, contrasting intact >scrambled objects.
For each individual participant, each ROI was defined as the largest cluster in each hemisphere at a false discovery rate threshold of 0.05 within the expected anatomical neighborhood (constrained using automated anatomical parcellations from the structural analysis stream; see the Structural analyses section). Thus, retinotopic cortex was defined as the largest cluster on the medial surface of the occipital lobe (within the combined cuneus, pericalcarine, and lingual gyrus FreeSurfer labels) (Fig. 1A) . For LOC, it was the largest cluster within the anatomically defined lateral occipital cortex label (Fig. 1B) .
Structural Analyses
Structural scans were processed using the standard FreeSurfer reconstruction pipeline (recon-all). The pipeline automatically processes each participant's structural MRI scan individually, using a permutation-based analysis of its unique anatomical features (Fischl et al. 2004; Desikan et al. 2006) . The reconstruction process segments the cortical surface of each cerebral hemisphere into 34 gyral regions using anatomical landmarks (Desikan et al. 2006) . These gyral labels were used to constrain the functional ROIs (see above). The post hoc motor cortex ROI was defined exclusively on the basis of this anatomical segmentation: we selected each participant's anatomically defined precentral gyrus. Cortical thickness measurements were also derived from the FreeSurfer reconstruction pipeline. For each individual participant, across the entire cortex, the reconstruction process automatically identifies the anatomical boundaries between white matter and gray matter, and between gray matter and pia mater (see Fig. 1C for an example) (Dale and Sereno 1993; Dale et al. 1999; Fischl and Dale 2000) . The distance between those two boundaries at any point on the cortical surface is equal to the cortical thickness at that point, with submillimeter resolution (Fischl and Dale 2000; Dickerson et al. 2008 ). The mean cortical thickness of each ROI was computed from these boundaries using mris_anatomical_stats and averaged across hemispheres within each participant.
Quality Assurance
Except for visual inspection of the data to ensure quality, described below, all processing of the MRI data was performed using automated scripts that applied the same predetermined analytical steps and thresholds to every participant to ensure equal treatment of data across the three groups.
Several precautions were taken to ensure high data quality. Stringent exclusion criteria were applied before statistical comparisons of cortical thickness between groups were performed. Participants were excluded from all further analyses if they had more than 3 mm motion displacement in either functional run or if problems with excessive participant movement during any part of the MRI session were noted in testing records. This very conservative motion exclusion threshold was adopted because cortical thickness estimates can be influenced by participant movement (Reuter et al. 2015) . The criterion resulted in a total of 29 exclusions (14 schizophrenia, 6 bipolar disorder, 9 healthy controls). Each structural scan from the remaining participants was visually inspected for evidence of subject movement (e.g., ringing artifacts) or poor image contrast. This step resulted in two additional exclusions (1 schizophrenia and 1 bipolar disorder). Three more participants were excluded due to technical problems with a localizer scan (2 bipolar disorder, 1 healthy control). Hence, the final sample post-exclusions contained 33 schizophrenia, 31 bipolar disorder, and 30 healthy control participants. We compared the age, gender, handedness, education level, parental education level, and symptom rating scores (BPRS, YMRS, and HAM-D) for the included versus excluded participants within each of the three participant groups using independent-samples t-tests (χ 2 tests for categorical variables). There were no significant differences between included and excluded participants in any of the three groups for any of those variables. Additional steps were taken to evaluate data quality for the included participants. Accuracy of the automatic alignment of functional scans to the structural scan was visually inspected for each participant; no alignment errors were found. Accuracy of the automated demarcation of the boundaries of the cortical ribbon used to measure cortical thickness from the structural scans was also visually inspected and found to be acceptable for all included participants.
Masking Task A backward-masking task using common household objects as targets was administered in a separate session on a 120 Hz monitor. Briefly, we presented one of six different objects, followed by a mask (overlapping black and white curved lines) at 8 time-varying inter-stimulus intervals (ISIs) ranging from 8.33-125 ms in 16.67 ms increments. The target was presented for 8.33 ms and the mask for 75 ms. There were 12 trials per ISI, as well as 12 unmasked trials. At the end of each trial, a list of the six object categories was presented and participants verbally responded which they thought had been presented.
Calculation of participant masking thresholds was performed in MATLAB (MathWorks, Natick, MA, USA) by fitting psychometric functions to each participant's data using standard techniques with the Palamedes Toolbox (Prins and Kingdom 2009) . A Weibull function was fitted to each individual's masking data, across all ISIs, using a maximum likelihood criterion and fixed parameters for γ and λ, which were based on the task chance performance level and all participants' overall mean performance in the unmasked condition, respectively (γ = 0.166, λ = 0.1). Thresholds were calculated for 50% performance (i.e., threshold ISI for each participant was defined as the point at which the fitted Weibull function crossed the 50% accuracy point). Estimated thresholds that exceeded the ISI range the experiment was designed to measure (i.e., thresholds estimated to be >108.33 ms) were excluded as invalid (4 schizophrenia, 5 bipolar participants). White matter/gray matter and gray matter/pia mater boundaries are depicted in red and blue, respectively. ROI cortical thickness was calculated as the mean distance between these two boundaries within that area of the cortical surface.
Results
Primary Analysis: Cortical Thickness by ROI and Group
The primary analysis comparing the cortical thickness of early retinotopic cortex and LOC across groups of schizophrenia, bipolar disorder, and healthy control participants yielded significant main effects of group [F(2,91) = 4.82, P = 0.01, partial η 2 = 0.10] and ROI [F(1,91) = 882.38, P < 0.01, partial η 2 = 0.91], but no significant interaction [F(2,91) = 1.70, P = 0.19, partial η 2 = 0.04] (Fig. 2) . Across both ROIs, the cortex was thickest in the healthy control group (M = 2.15 mm), thinnest in the schizophrenia group (M = 2.04 mm), and intermediate in the bipolar disorder group (M = 2.09 mm). The post hoc t-tests show a significant difference in cortical thickness across ROIs between the healthy control and schizophrenia groups [ROIs together: t(61) = 2.88, P = 0.01; visual cortex alone: t(61) = 2.08, P = 0.04; LOC alone: t(61) = 2.56, P = 0.01] but not between healthy controls and bipolar disorder [ROIs together: t(59) = 1.71, P = 0.09; visual cortex alone: t(59) = 0.67, P = 0.50; LOC alone: t(59) = 1.84, P = 0.07] or bipolar disorder and schizophrenia [ROIs together: t(62) = 1.52, P = 0.13; visual cortex alone: t(62) = 1.56, P = 0.12; LOC alone: t(62) = 1.09, P = 0.28]. Across groups, the mean thickness of LOC (M = 2.43 mm) was greater than retinotopic cortex (M = 1.75 mm). This is consistent with classic neuroanatomical findings of thinner cortex in primary sensory cortices and more recent studies in healthy humans and other primates showing graded increases in cortical thickness relative to brain areas' position in sensory hierarchies (Wagstyl et al. 2015) .
Follow-up Analysis: Subregions of Retinotopic Cortex
The presence of a group difference in the thickness of early retinotopic cortex raised the question of which specific regions within early retinotopic cortex (e.g., V1, V2, V3) differed between groups. V1, V2, and V3 were identified with a recent method based on individuals' cortical topography (Benson et al. 2012 (Benson et al. , 2014 . Cortical thickness from these topographically determined post hoc visual regions was compared across groups in a 3 × 3 ANOVA. Consistent with known neuroanatomical differences, there was a large main effect of region [F(2,90) = 783.80, P < 0.001, partial η 2 = 0.95]. V1 was thinner than V2, which was thinner than V3, across all three groups (Fig. 3 ). Only a trend-level main effect of group appeared in this analysis [F(2,91) = 2.34, P = 0.10, partial η 2 = 0.05]. There was no interaction between group and region for these three post hoc areas [F(4,180) = 0.59, P = 0.67, partial η 2 = 0.01].
Follow-up Analyses: Cortical Thickness Variability and Image Quality
To evaluate the possibility that the groups had different cortical thickness estimate variability, we compared subject-wise standard deviations of the thickness estimates for the two visual ROIs across groups. While there was a significant difference in standard deviation of cortical thickness estimates across ROIs [F(1,91) = 65.27, P < 0.01, partial η 2 = 0.42], likely because of the larger Figure 2 . Comparison of visual ROI cortical thickness by group and region. Across groups, retinotopic cortex was significantly thinner than LOC. Across ROIs, cortical thickness was significantly different between the participant groups: schizophrenia patients had the thinnest cortex in both ROIs, followed by bipolar patients, and healthy controls had the thickest cortex in both areas. In a direct comparison, schizophrenia patients had significantly thinner cortex than healthy controls across both ROIs, but comparisons between bipolar patients and the other two groups showed only trend-level differences. No significant group-by-ROI interaction was present in the data. size of retinotopic cortex than LOC, there was no significant difference in standard deviation of the thicknesses across groups [F(2,91) = 0.14, P = 0.87, partial η 2 = 0.003], and no significant interaction between ROI and group [F(2,91) = 0.30, P = 0.74, partial η 2 = 0.01].
To evaluate the possibility of group differences in MRI image quality that could influence estimates of cortical thickness, we compared the image intensity and standard deviation of intensity for cortical voxels in the raw structural scans across groups in two one-way ANOVAs. Image statistics of cortical voxels in the raw structural scans did not differ across groups, either in terms of image intensity [schizophrenia = 103, 
Follow-up Analysis: Masking Threshold Correlations
To investigate whether group differences in cortical thickness are related to impairments in perception, we performed exploratory correlations between cortical thickness of the visual ROIs and visual object masking performance within the three groups.
There was no significant difference in object masking thresholds among the three groups [F(2,82) = 2.16, P = 0.12]. However, in the schizophrenia group, thicker cortex in both ROIs predicted better performance (i.e., lower detection thresholds) on the masking task. There was no significant relationship between the cortical thickness of either ROI and performance on the masking task in bipolar participants or healthy controls. Scatterplots and correlation statistics for all comparisons are shown in Figure 4 .
Follow-up Analyses: Demographic Differences, Symptoms, and Medication
We performed follow-up analyses to explore the relationships between cortical thickness and the two demographic variables that differed significantly between the groups: gender and personal education. The effects of gender were evaluated by adding it as a factor to the ANOVA used to compare cortical thickness across ROIs and groups. This 2 × 2 × 3 ANOVA showed no significant main effect of gender [F(1,88) = 0.56, P = 0.46], gender did not interact significantly with any other factor, and it did not change the significance of the main effects of ROI [F(1,88) = 849.95, Figure 4 . Correlation between cortical thickness and masking task performance, by group and region. Cortical thickness of both visual ROIs significantly predicted masking thresholds for the schizophrenia group, but there were no significant relationships in either the bipolar or control groups. P < 0.001] or group [F(2,88) = 4.50, P = 0.01]. Neither retinotopic cortex thickness nor LOC thickness was significantly associated with participant education [retinotopic cortex: r(94) = 0.02, P = 0.82; LOC: r(94) = −0.12, P = 0.25]. Additionally, we performed a correlation between BPRS score and cortical thickness in the two patient groups, since the two groups' BPRS scores differed significantly. There was no significant correlation within either the schizophrenia or bipolar groups between BPRS total score and the cortical thickness of either area [schizophrenia retinotopic cortex: r(33) = 0.21, P = 0.25 and LOC: r(33) = −0.01, P = 0.97; bipolar retinotopic cortex: r(30) = 0.20, P = 0.29 and LOC: r(30) = 0.11, P = 0.55].
We also correlated antipsychotic medication with cortical thickness within each patient group. Dosages were converted to chlorpromazine-equivalent units (Andreasen et al. 2010) . Some participants were taking antipsychotic medications without a published conversion factor (iloperidone, loxapine, lurasidone, or asenapine) and they were not included in this analysis (9 schizophrenia and 5 bipolar disorder). There were no significant relationships between antipsychotic dosage and the cortical thickness of any ROI in either patient group. 
Follow-up Analysis: Motor Cortex
Because we found group differences in the cortical thickness of both early retinotopic cortex and LOC, we conducted a followup analysis of a nonvisual region-motor cortex-to determine whether the similar pattern of cortical thickness differences in the two visual ROIs was a general pattern of differences that held true across all cortical areas. There was no difference in the thickness of motor cortex across groups [F(2,91) = 1.14, P = 0.33, partial η 2 = 0.02; schizophrenia patients M = 2.46 mm, standard error = 0.03; bipolar M = 2.50 mm, standard error = 0.02; controls M = 2.50 mm, standard error = 0.02].
Discussion
In a targeted, hypothesis-driven analysis of two functionally defined visual brain areas in patients with schizophrenia and bipolar disorder, as well as healthy controls, we found consistent group differences in cortical thickness. In both early retinotopic cortex and LOC, patients with schizophrenia had thinner cortex than healthy controls, and bipolar patients had intermediate cortical thickness. These group differences were not explained by other demographic or clinical differences between the groups. An exploratory analysis showed a significant correlation between the thickness of the two visual ROIs and performance on a visual masking task in schizophrenia patients, but not bipolar patients or healthy controls. Follow-up analyses of early retinotopic areas V1, V2, and V3 using a topography-based localization technique showed no significant pattern of group thickness differences in those areas. The thickness of motor cortex, a control region that was localized based on anatomical features, also did not differ significantly across groups. These results suggest that the neuroanatomical properties of visual cortex are abnormal in schizophrenia and bipolar disorder, and that those abnormalities are linked to a functional visual impairment in schizophrenia. There are two likely reasons why we found group differences in visual cortical thickness that were often missed in earlier whole-brain analyses of cortical thickness. First, while wholebrain analyses of cortical thickness are useful for exploratory studies, they suffer from poor statistical power because they require substantial corrections for multiple comparisons. Our novel ROI-based approach maximizes statistical power by constraining tests to particular regions relevant to study hypotheses. Second, earlier whole-brain analyses compared cortical thickness using purely anatomical techniques to define comparisonpoints on the cortical surface across subjects. That approach fails to account for known heterogeneity in the anatomical location of functionally specialized brain regions. In this study, we created individualized ROIs based on functional localizer scans so that cross-subject comparisons of thickness included the same functional areas in each participant. To our knowledge, this is the first study to use such targeted analytical techniques in these clinical populations. However, our results suggest that this targeted approach could be a fruitful source of new insights about neuroanatomical differences in other patient populations and other functional brain areas.
One intriguing result of the present study is that both LOC and early retinotopic cortex were thinner in patients with schizophrenia-and, to a lesser extent, patients with bipolar disorder -than in controls. While it is not possible to make strong claims about the regional specificity of this difference without additional functional ROIs for comparison, the finding of group differences in both LOC and early visual cortex is consistent with the idea that structural differences of visual cortex in schizophrenia may be distributed across early-, mid-, and high-level processing areas. Previous studies using functional imaging have tended to implicate LOC as dysfunctional in schizophrenia more frequently than early visual cortex (Green, Lee, et al. 2009; Green et al. 2011; Harvey et al. 2011; Silverstein et al. 2015) . It is possible that early retinotopic cortex is indeed dysfunctional in severe mental illnesses such as schizophrenia, but that prior fMRI studies have used tasks that fail to elicit low-level visual dysfunction reliably. Mounting behavioral evidence for low-level visual dysfunction in patients (e.g., Must et al. 2004; Dakin et al. 2005; Yoon et al. 2009 Yoon et al. , 2010 Yang et al. 2012a Yang et al. , 2012b Schallmo et al. 2013 Schallmo et al. , 2015 ) also points to this conclusion.
The intermediate thickness of LOC and early retinotopic cortex in bipolar disorder, relative to schizophrenia patients and healthy controls, is consistent with the possibility that bipolar disorder can manifest with visual system pathology similar to schizophrenia, albeit less frequently or to a lesser degree. One intriguing question for future research is whether bipolar patients with a history of psychosis have neuroanatomical characteristics more similar to schizophrenia patients than bipolar patients without a history of psychosis. The present study had only 9 bipolar patients with a history of psychosis, so it was not possible to address this question with adequate power in the present sample.
Another intriguing issue for future research is to determine whether cortical thickness might be influenced by training or other experiential factors. There is currently substantial disagreement over the extent to which cortical thickness can be influenced by training (Thomas and Baker 2013 but see Lövdén et al. 2013 ). If it can, then group differences in thickness could be related to differences in perceptual experience across the lifespan among those groups.
Future research might also address several important limitations of the present study. First, patients in the study were medicated and in most cases had been on antipsychotic medication, mood stabilizers, or both, for many years. Although current antipsychotic dosages were not associated with cortical thickness in our sample, it is not possible to rule out the possibility that cortical thickness differences might be influenced by long-term effects of medication. Future studies of unmedicated first-episode or prodromal populations could address this issue. The present sample was also disproportionately male and contained too few bipolar disorder patients to permit separate analyses of different bipolar disorder subtypes (e.g., those with and without a history of psychosis). Also, the lack of a planned, functionally defined nonvisual control region in this study limits the extent to which the specificity of the observed cortical thickness differences in visual cortex can be established.
Nevertheless, the present study identifies a likely anatomical substrate for the types of functional abnormalities in visual processing that have been observed in measures of neural activity and behavior in schizophrenia. Indeed, we found that the thickness of retinotopic cortex and LOC predicted schizophrenia patients' performance on a visual object masking task. Although visual masking deficits have long been known to exist in schizophrenia, this is the first study to identify a link between neuroanatomical abnormalities and visual masking abnormalities in schizophrenia. We found no similar correlation between cortical thickness and perception in the bipolar or healthy control groups, which could suggest that individual differences in gross neuroanatomy are not a good predictor of masking performance except when they are related to particular pathophysiological abnormalities.
The specific microstructural causes of thickness abnormalities in patient visual cortex are unclear. Early studies of postmortem tissue found reduced cortical thickness but an abnormally high density of small neurons in primary visual cortex in schizophrenia, implicating reduction in neuropil (axonal and dendritic tissue) as a likely cause of reduced cortical thickness (Selemon et al. 1995; Rajkowska et al. 1998; Selemon and Goldman-Rakic 1999) . Such neuropil reductions could be related to decreases in synaptic density, which have long been thought to contribute to the pathophysiology of schizophrenia (Feinberg 1982; Sekar et al. 2016) . However, some studies have found no differences in cortical thickness or neural density in schizophrenia patients' postmortem primary visual cortex (Dorph-Petersen et al. 2007 ). It remains unclear what types of microstructural abnormalities exist in visual cortex in schizophrenia, and it is even less clear in the case of bipolar disorder.
This could present an important opportunity for the application of new methods such as high-field structural imaging capable of estimating the thickness of different cortical lamina in vivo, or recent techniques for fine-scale connectomics. The use of such advanced methods might help to shed light on specific microstructural abnormalities in visual cortex in schizophrenia and bipolar disorder. For example, if thickness differences in schizophrenia patients' visual cortex can be attributed to structural abnormalities in particular cortical layers, it will provide more precise clues about the nature of neural circuit abnormalities in the disorder. The same could be true for bipolar disorder and other serious mental illnesses. Thus, the visual system could prove a useful model system for psychopathology research as it has been in other areas of neuroscience (Albright et al. 2000; Koch and Reid 2012) . Our results emphasize the likely utility of focused investigation into visual cortical structure in schizophrenia, bipolar disorder, and other mental illnesses.
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